After destructive earthquakes, objective and quantitative evaluation of building damage is significant for determine making of continuous use or reinforcement, which is the first step of recovery activities. Based on the declination of natural frequencies of building systems, damage evaluation of global buildings including soil-structure interaction can be performed. In order to evaluate building damage of inter stories rather than the whole building, in this paper, inter-story shear-wave velocities are extracted from microtremor records of a damaged 9-story SRC residential building based on the deconvolution method. A relationship between shear-wave velocity and the story rigidity of buildings is proposed. Using this relationship, the shear-wave velocities of a design example are calculated and compared with those of the damaged building. Story-by-story building damage evaluation is performed.
INTRODUCTION
During the Tohoku Earthquake, though the number of severely damaged buildings caused by seismic ground shaking is relatively small compared with those destroyed by subsequent tsunami, the moderate, light, and minor building damage due to ground shaking can be seen widely. Moreover, long-duration vibration of many high-rise buildings were initiated by long-period ground shaking in the Kanto, Chubu, and Kansai areas, which might cause damage to structures. Based on the questionnaire performed by the High-rise Building Management Dealers Association, within 85,798 high-rise buildings, 61 buildings were moderately damaged (0.07%), 1,070 buildings were slightly damaged (1.247%), and 84,667 were minor damaged (98.682%). It is reasonable to consider that besides these buildings, there are a lot of other damaged buildings which have not been included in this questionnaire.
After destructive earthquakes, evaluating building damage, informing the dangerous, making decision of 'no entry' in fear of aftershocks, and determining reinforcement or continuous use, are important for ensuring the safety of the civil. Physical inspection based on the "visual damages" takes time; the demand for inspection is large, while the supply of inspection team is limited. Moreover, this method is effective for small houses and low-rise buildings, but for large-scale and complex structures, for example high-rise buildings, it is impractical. Identifying natural frequencies of buildings, and evaluating damage condition based on the decline of frequencies is feasible to evaluate the damage of global structure (including the upper structure and the foundation). However, in order to evaluate building damage in details, it is necessary to detect the damages of stories instead of the global building.
In previous studies on story damage detection and evaluation, changes of rigidity and damping constants which can be identified directly from the equation of motion 2)~4) and the changes of characteristics of the modes 5),6) are used. The effectiveness of methods based on microtremor and/or earthquake measurement, and the shaking table has been examined. However, there are various assumptions applied on them. Because the direct identification method is determined from the equation of motion, three prerequisites that i: the buildings behave as pure shear beam; ii: no influence of the rigid-body rocking vibration due to the soil-structure interaction; iii: input wave to the building is only vibrations from the ground are necessary. Because of the need to clarify changes in multiple-mode characteristics, the difficulty of response analysis of modes with low-sensitivity due to noise contamination and the lack of high-order modes are limitations of this technique.
In this paper, the deconvolution method, proposed by Snieder and Şafak in 2006 7) , is applied to microtremor records to extract shear-wave velocity traveling in the upper structure. This method can reflect the characteristics of the upper structure eliminating the effect of the soil-structure interaction and is independent on vibration modes of buildings. Inter-story shear-wave velocities of a 9-story SRC residential building, which was damaged during the Tohoku Earthquake, are extracted from microtremor records. A relationship between shear-wave velocity and the story rigidity of buildings is proposed, based on which, the shear-wave velocities of a design example are calculated and compared with those of the damaged building. On the basis of comparison, story-by-story building damage evaluation is performed.
METHODOLOGY

Shear-wave propagation in buildings
In frequency domain, response of a building can be represented as the combination of all vibration modes. In the time domain, response of a building can be regarded as the adding up of up-going waves and down-going waves. The image of shear-wave propagating and the response of a building is shown in Fig. 1 . Incident wave from the base propagates upward to the roof of the building and reflected by it, in turn it travels downward to the foundation and reflected by it then travel to the upward with reverse phase. Waves travel upward and downward until they are damped to zero. The response of a upper structure can be seen as the sum of the up-going waves and down-going waves 8),9) . On the boundary of two stories with big shear-rigidity difference, the waves are reflected. Usually, the reflected wave is very small compared with the main wave, which can be neglected. In addition, because shear-wave velocity only depends on the mass density and the shear-rigidity of each story, there is no need to consider the characteristics of incident waves, foundation types, embedded types, soil-structure interaction effects, and the height of the building. 
Deconvolution method
Deconvolution method is commonly used in the field of geological exploration based on the interferometry theory. In this study, stories of a building structure are considered as the one dimensional ground layers. Deconvolution calculation is the inverse operation of convolution. In frequency domain, deconvolved wave of i floor ( , ) , as shown in equation (1) . Equation (1) is the basic formula of the deconvolution method.
where, z is the height of i floor, H is the height of the building. In order to avoid division by very small numbers, in practice, the deconvolution are calculated as the equation (2) instead.
where,
Regularized parameter ε was chosen to be 10% 1) of the average power of the referenced signal
Response at the i floor ( , ) i u z ω can be expressed as equation (3).
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where, ( ) S ω is the incident wave, ( ) R ω is the reflection coefficient of the foundation, γ is viscous damping ratio, n is the number of bounces off the base of the building, k is the wave number, j is the imaginary unit. Submitting equation (3) to equation (1) and eliminating the common factors, the deconvolved wave of the i floor changes to equation (4a). 
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OBSERVED BUILDING Observed building
The observed building is a 9-story steel-reinforced-concrete (SRC) residential building, hereafter referred to as the Building QM. It was completed in 1991 designed following the new aseismic design code of Japan. According to the literature 10) to 12), compressive failure of concrete and buckling of reinforcing steel in the corner columns at the first story and continuous layers can be seen. Besides, obvious shear cracks occurred in the non-structural outer walls in the longitudinal direction. Because of the big deformation of outer walls, exit doors are deformed and hindered the evacuation. Some photos of typical damages of each stories are shown in the Photo 1 and Photo 2. These photos were taken in April 2011 during the on-site investigation. Severe shear failure occurs in the vertical walls from the first floor (ground floor) to the fourth floor in the north elevation in longitudinal direction. Concrete has flaked off and the steels are exposed. Though severe damage in the south elevation cannot be seen, some shear cracks also occurred in the non-structural outer walls up to the fifth floor. In the east elevation (transverse direction) shear cracks can be seen in the concrete of non-structural walls up to third floor. Though there are no severe damage in walls in the west elevation, buckling of steels and compressive failure of concrete of a corner pillar in the northwest side can be seen.
The Building QM has been judged to be "dangerous" by the emergency risk judgment workers. The residents had moved out by the time we measured the microtremor. The damage condition of each story of the north elevation were investigated in details during the microtremor measurement. Based on Photo 2, it can be found that damage becomes lighter with the height increasing. Minor cracks on the walls of the highest story is visible to naked eyes. Relative large cracks are generated in the walls on the eighth story. There are large cracks in the walls on the seventh story, and many spalling of concrete and tiles can be seen. On the sixth story severe cracks, spalling of concrete and exposing of steels can be seen. Shear cracks shaped "X", bended steels and collapsed internal concrete in the walls of the fourth and fifth stories can be seen. In the third and the second story, concretes flaked off from the walls over a wide area, and the inside steel nets are exposed. Steels buckled in the leg of the pillar in the center entrance on the first floor. Bending steel and spalling of concrete also can be seen in the walls.
Microtremor measurement
Microtremor measurement of the Building QM was performed in November 9 to 11, 2011. In order to determine the shear-wave velocity propagating between floors of a building using the deconvolution method, simultaneous records on the roof and inter floors are necessary. In this study, two sets of seismometers with two horizontal components were used. One was fixed on the roof, the other was moved from the first floor (ground floor) to the ninth floor, remaining on each floor 3 hours. Supposing the height of each story is 3 m and the shear-wave velocity is 100 m/s -500 m/s, the expected travel time within stories is 0.006 s-0.03 s. In order to measure this travel time, the sampling rate fs were set to be 500 Hz in this study, which is the highest sampling rate of the data logger used in this study. The implementation of the measurement is schematically shown in Fig. 3 .
ANALYSIS ANS RESULTS
Deconvolved waves extracted from microtremor records are shown in Fig. 4 
where, of the shear-wave velocity Vs δ . It can be found that if the value of N is more than 100, the standard deviation of time t δ becomes stable. The deviations of shear-wave velocities, which are calculated following the step (1) to (4) using the time of up-going and down-going waves shown in Fig. 4 , are shown in Fig. 5 . Based on Fig. 5 , it can be found that the shear-wave velocities in the longitudinal direction (open circle) are almost less than 300 m/s. The reduce tendency of shear wave velocity with the height increasing can be seen in the transverse direction (open square) not in the longitudinal direction. In the transverse direction shear-wave velocities traveling between the 1F to 2F, 4F to 5F, 5F to 6F, the 6F to 7F slow down significantly. In the longitudinal direction shear-wave velocities traveling between the 1F to 2F, 4F to 5F, 5F to 6F slow down significantly.
RELATIONSHIP BETWEEN STORY RIGIDITY (G) AND SHEAR-WAVE VELOCITY
In homogeneous and isotropic elastic-materials, the relationship among shear-wave velocity β , rigidity G , and density ρ can be expressed as
However, it is not reasonable to expect structures to fit this condition because of the various materials used and the space within stories. Because shear-wave velocities extracted from deconvolved waves only depend on one-dimensional characteristics of structures in the recording direction, in this paper a multiple-degree-of-freedom model is used instead of the 3-dimensional (3D) model to investigate the relationship between the In this paper, the three multiple-degree-of-freedom models with the same story mass and rigidity (M k =M, G k =G) are used to calculate deconvolved waves with the sampling rate f s of 1000 Hz. The models and parameters are shown in Fig. 6 and Table 1, respectively. Deconvolved waves calculated from the model 3 with story mass M k =M=6000 kg and changing the story rigidity G k =G from 1×10 7 N/m to 10×10 7 N/m with the interval of 1×10 7 N/m are shown in Fig. 7 . Because the story mass and rigidity of each floor is the same, time of up-going and down-going waves traveling from the first floor to the top changes linearly (marked with red broken lines), i.e. the traveling time within each story is the same. Besides, it can be known that with the increasing story rigidity G k the time difference between down-going wave and up-going wave reduces. The changing of the story travel time t (the median of t k ) calculated using the model 1~3 is shown in Fig. 8 . The relationship between the story travel time t k =t and the story rigidity G k =G is studied based on the relationship between the natural period of first mode T and the travel time from the first floor to the top t 1F→Top , which is T=4t 1F→Top . In this study the natural period of the first mode T is expressed using equivalent mass method as shown in equation (6). Table 2 Parameters of the Building EGB Building QM Building EGB not cover all the damages including some invisible damages inside structures. In the future study, the relationship between damage condition and the reduce of shear-wave velocity will be investigated. Moreover, the measurement of sound buildings and damaged buildings with the same structrual types will be increased.
CONCLUSIONS
In this paper, shear-wave velocities of a 9-story SRC residential building (Building QM) damaged during the Tohoku Earthquake are extracted from microtremor records based on the deconvolution method. Shear-wave velocities of the Building QM in the longitudinal direction are almost reduced to less than 300 m/s, in which those of the first story (1F to 2F), the 4th story (4F to 5F), the 5th story (5F to 6F), and the eighth story (8F to 9F) are smaller than 200 m/s. In the transverse direction shear-wave velocities generally become slower with the height increasing. Shear-wave velocities of the first story, the 4th story, the 5th story, and the 6th story become slower, especially those of the 5th and the 6th story reduced to less than 200 m/s. Therefore, it can concluded that damage of the first story, the 4th story, the 5th story, and the 6th story is severe in both of the longitudinal and transverse direction.
During the Tohoku Earthquake, though the totally damage cases of high-rise buildings are very rare, the cases of severe damage, moderate damage, small damage, and slight damage can be often seen. Though total damage can be easily known from physical inspection, the other damage levels are difficult to be evaluated in this method. Therefore, in this paper, we evaluated the story damage based on the reduction of shear-wave velocities extracted from microtremor records. Because there is no earthquake and microtremor records of the Building QM before the Tohoku Earthquake, it is impossible to compare the reduction of shear-wave velocity between pre-and after-earthquake. If the microtremor records can be obtained, based on the proposed method in this paper, story damage evaluation can be performed quantitatively based on the comparison between shear-wave velocity extracted from the microtremor records measured before and after earthquakes. The proposed method cannot only used in the damage evaluation, but also can be used to monitor the structural health condition and seismic performance of buildings. Moreover, based on the long-term measurement of shear-wave velocity story-by-story health monitoring can be performed.
